The Savonius-type hydraulic turbine, mainly known for its good self-starting properties and simple structure, not only has energy capturing characteristics but also has a certain effect on flow velocity reduction. Aside from ensuring energy capture efficiency, studying the effects of parameters on the flow velocity reduction capacity is of great significance for the protection of mariculture, as it can reduce the damage to cages and fishes. In this study, a computational fluid dynamics method was carried out to investigate the hydrodynamic characteristics and variations in the wake of a turbine. The accuracy of the simulation results was verified by experimental comparison. Firstly, the velocity contours and vectors were studied in detail to reveal the mechanism of the flow velocity reduction effect. Secondly, the velocity attenuation coefficient and relative attenuation length were formulated by the variation rule of the velocity field to evaluate the turbine reduction strength and range. Finally, the power coefficient was considered to predict the performance of a turbine under different tip speed ratios, overlap ratios, blade curvatures, and blade numbers. The results showed that the turbine had an obvious flow velocity reduction effect in the rear "sword"-shaped area, where the velocity field distribution had a certain regularity. In addition, by comprehensively comparing the simulation data, it was found that the respective effect trend of tip speed ratio, blade number, overlap ratio, and curvature on the turbine's energy capture and flow velocity reduction characteristics was basically the same. Considering the effect of reducing flow velocity, a two-bladed turbine with a blade curvature of 0.8 and an overlap ratio of 0.15 is the optimal configuration.
Introduction
At this stage of rapid social and economic development, the energy crisis and environmental damage caused by traditional fossil resources are becoming increasingly prominent. Tidal power, as a renewable energy source, has the characteristics of large reserves, high energy density, and small environmental impact [1] . According to their structural characteristics, tidal energy capture devices can be divided into three categories: Vertical axis, horizontal axis, and oscillating hydrofoil. The vertical axis Savonius turbine was first invented by the Finnish engineer Savonius [2] . Aside from its previous applications in wind power generation, it has also recently been widely used in the field of tidal power [3] . As a resistance-type vertical axis turbine, the Savonius hydrokinetic turbine (SHT) has a simple structure that is easy manufacture, good starting characteristics, and high dynamic moments [4] . It has no limit on flow direction and presents low noise and wear on moving parts. 
Geometry and Property Parameter Definitions
The parameters that commonly affect the hydrodynamic characteristics of a Savonius rotor, such as the overlap ratio between two blades and the number and shape of the blades, can also be considered as influencing factors when exploring the flow velocity reduction performance of an SHT. Figure 1 shows the schematic diagram of a rotating semicircle two-and three-bladed turbine. U is the incoming flow speed (m/s), N is the blade number, θ is the present turbine rotation angle, ω is the rotational speed (rad/s), a is the blade radius (m), D is the turbine diameter (m), and d is the overlap distance (m). The overlap ratio (e) and blade curvature (ε) are defined as follows:
where d is the overlap distance (m), D is the turbine diameter (m), b is the blade height (m), a is the blade radius (m). The energy capture efficiency of an SHT is generally evaluated by the power coefficient (C p ), torque coefficient (C m ), and TSR. The flow velocity reduction performance of an SHT is assessed by the attenuation coefficient (C a ) and the relative attenuation length (L a ), which are defined as follows:
C p = P out P in = 2Mω ρHDU 3 = C m × TSR,
Energies 2020, 13, 24 4 of 16 where ω is the rotational speed (rad/s), D is the turbine diameter (m), U is the incoming flow speed (m/s), M is the turbine torque (N-m), ρ is the fluid density (kg/m 3 ) , H is the turbine height (m), P out is the power output of the turbine (W), P in is the power available in the water (W), u is instantaneous velocity (m/s), L velocity reduction length (m). 
Numerical Simulation
The wake flow of an SHT is particularly complex, due to the formation of many vortices around the rotating SHT. In this study, the CFD simulation software Star-CCM was used to investigate the flow field structure around the turbine. The turbine blades were symmetrical along the vertical axis, and the influence of the aspect ratio and end plate could be ignored in this study. Hence, the two-dimensional CFD numerical simulation was performed to study the properties of the SHT. This simulation strategy reduced the number of calculations without impacting the simulation accuracy.
Simulation Domain Size and Boundary Conditions
Sliding grid technology was adopted to simulate the rotation of the water turbine. As shown in Figure 2 , the entire simulation domain was divided into two distinct regions: The stationary and rotation. The two regions were connected through the sliding interface. In order to avoid the boundary conditions influencing the simulation results, the size of the computational domain needed to be set to be sufficiently large. As shown in Figure 2 , the simulation domain was 48 D long and 10 D wide, and the turbine was 8 D away from the left boundary. The typical boundary conditions were also employed: The velocity inlet was set on the left boundary, and a velocity amplitude of 1.5 m/s was given. The right boundary was set as the pressure outlet, and the upper and lower boundaries were set as a symmetric plane. The turbine was set as a nonslip wall surface, as shown in Figure 2 .
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Numerical Simulation
Simulation Domain Size and Boundary Conditions
Sliding grid technology was adopted to simulate the rotation of the water turbine. As shown in Figure 2 , the entire simulation domain was divided into two distinct regions: The stationary and rotation. The two regions were connected through the sliding interface. In order to avoid the boundary conditions influencing the simulation results, the size of the computational domain needed to be set to be sufficiently large. As shown in Figure 2 , the simulation domain was 48 long and 10 wide, and the turbine was 8 away from the left boundary. The typical boundary conditions were also employed: The velocity inlet was set on the left boundary, and a velocity amplitude of 1.5 m/s was given. The right boundary was set as the pressure outlet, and the upper and lower boundaries were set as a symmetric plane. The turbine was set as a nonslip wall surface, as shown in Figure 2 . Energies 2020, 13, 24 5 of 16
Meshing and Simulation Model Selection
The meshing of the computational domain is shown in Figure 3 . The two regions were divided by two unstructured meshes. Hexahedral and trimmer meshes were applied in the rotation and stationary regions, respectively. To ensure the accuracy of the interpolation at the interface and to reduce the numerical transmission error, one prismatic layer was generated on both sides with the same dimension (shown in Figure 3d ), and the mesh near the interface was encrypted (shown in Figure 3a ). Due to the hydrodynamic characteristic and the wake flow field of the SHT being the main investigation objects, the mesh density around the blade and its large rear area were also augmented, as shown in Figure 3a ,b. On the other hand, 10 prismatic layers were formed on the surface of the blades (shown in Figure 3c ) to enhance the mesh quality and describe the boundary layer flow with sufficient precision. The first layer had a thickness of approximately 0.4 mm, with a growth rate of 1.05, and the wall y + value of the blade was limited to 10. To verify mesh independence, the thicknesses of the first layer of the wall were set to 0.4, 0.3, and 0.15 mm, respectively. The total numbers of corresponding grids were nearly 600,000, 850,000, and 1,500,000; however, the difference between the calculation results of the average power coefficient of the SHT (TSR = 0.9) was less than 2%. To reduce the amount of computation, the total number of computational domain grids was set to 600,000.
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Simulation Validation
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To verify the accuracy of the simulation model, the flow velocity reduction characteristics of the SHT were tested in a drag pool at the Ningbo Campus of Zhejiang University. The working section of the pool is 60 m long, 5 m wide, and 4 m deep. The maximum speed of the dragging system can reach 2.5 m/s. A semicircular SHT with two blades was selected for the experiment, as shown in Figure 4a , and the specific parameters are shown in Table 2 . An active measurement method was applied in this experiment to be consistent with the simulation. The turbine was driven by a servo Energies 2020, 13, 24 6 of 16 control system at a fixed speed, and the flow current was generated by dragging the rotor in stationary water. The overall experimental system is shown in Figure 4b , which is mainly composed of the battery power supply system, the servo motor drive system, the measurement system, the remote signal transmission system, and the control and data acquisition system. The velocity of the flow current was measured by a Vectrino Doppler velocimeter with a precision of 1 mm/s and a sampling frequency of 200 Hz, as shown in Figure 4c . In order to test the accuracy of the velocity monitoring probe in the wake field simulation, in this experiment, the velocimeter was placed at the position of a transverse distance of 1.5 D (the distance to the rotating center) and a longitudinal distance of − 0.12 D in the rear flow field of the SHT to measure the average velocity at different TSRs. The simulation results of the velocity monitoring probe at the same position are compared in Figure 5a . The trend of the two results obtained by the simulation and the experiment was generally similar. As the TSR increased, the speed attenuation coefficient rose initially and dropped after reaching the maximum value of around TSR = 1.0. However, the gap between the experimental and simulated values was obvious, perhaps due to the pulley guide rail of the dragging platform having a certain roughness and mechanical clearance caused by the velocimeter shaking with the running platform, producing measurement deflection. To enhance the computational efficiency of the simulation, turbulence was simulated by the RANS model, which also had an impact on the accuracy of the simulation results, especially in the high TSR range. Further, to test the hydrodynamic calculation reliability of the SHT, we adopted the same simulation method as above to calculate the C p of the SHT. The experimental data of Parag K. Talukdar on the conventional semicircular double blade with an overlap ratio of 0.15 were compared with the simulation results. As shown in Figure 5b , although the simulation results were slightly lower than the results of Parag K. Talukdar's experiment, due to the 2D simulation not considering the effect of the end plant and aspect ratio, the trend of the two results was the same. Consequently, by comparing two sets of simulation and experimental data, the two-dimensional numerical simulation method adopted in this study was found to be feasible for the prediction of SHT properties.
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Results Analysis

Analysis of Flow Velocity Reduction Characteristics
To investigate the flow velocity reduction mechanism of the SHT, to summarize the variation law of the flow field, and to formulate the evaluation criteria of the flow velocity reduction characteristics, we studied the velocity field of the SHT under two operations: Stationary and rotating. The simulation model geometry parameters referenced Talukdar, P.k's [9] experimental optimal energy capture structure: A semicircular two-bladed turbine with an overlap rate of 0.15. When the turbine was under stationary operation, the θ was set to 90 • , due to the blade's maximum upstream surface exerting the greatest influence on the flow filed. When the blade rotated, the TSR was set to 0.9, due to the high energy-capture performance. From the comparison of the flow velocity profiles in the marked square regions at two states in Figure 6 , the flow velocity reduction performance of the rotating SHT was obviously better than that of the stationary turbine. The marked square regions of Figure 6a show that the velocity field of the stationary SHT was unevenly distributed, and the flow velocity of many areas in the region was higher than 1.5 m/s. However, Figure 6b indicates that when the turbine rotated, the velocity profile in the wake was uniform, and the flow velocity of most of the region was less than 1.5 m/s. The streamline plotted in Figure 6 indicates that the SHT had a certain blocking impact on the incoming flow during both operations. When the turbine was stationary, the inlet flow affected by the vortex in the wake returned to the rear flow field with a higher speed, as shown in Figure 6a . It can be observed in Figure 6b that the incoming flow was circumvented from both sides when the turbine was rotating. Only a few fluid particles entered the rear flow field.
The flow velocity reduction mechanism of the SHT was revealed by comparing the velocity vector field around the turbine when it rotated to 90 • and 180 • with a TSR of 0.9. The velocity vector field, shown in Figure 7 reveals that there were many fluid particle motion collision zones (square areas). Especially in square area 1, the fluid particles ahead of the turbine driven by the rotating convex side moved in the direction perpendicular to the blade surface violently and crashed into the incoming flow, which was the main cause of the SHT's flow velocity reduction characteristic. In addition, the formation of vortices (circular areas) can be observed in Figure 7 , such as the vortex (Figure 7b (Figure 7) , it was found that the vortices always crashed into the fluid particles on both sides of the SHT, preventing them from entering its rear flow field and decreasing the velocity of fluid particles pushed by the rotating convex blade (the circular areas, shown in Figure 7 ). This also caused the gradually decreasing vortices to disappear (circle 1 in Figure 7a ,b). This illustrates that the formation of vortices in the wake was another major factor that ensured that the turbine had good flow velocity reduction performance. The SHT flow velocity reduction was due to the following three factors: First, the concave surface had a direct blocking effect on the upstream Energies 2020, 13, 24 8 of 16 fluid. Second, in the rotating region of the SHT, the fluid particles pushed by the convex surface always collided with the upstream flow or the vortex in the wake. Third, the fluid particles on both sides of the SHT were prevented by the vortex from entering the wake zone.
performance of the rotating SHT was obviously better than that of the stationary turbine. The marked square regions of Figure 6a show that the velocity field of the stationary SHT was unevenly distributed, and the flow velocity of many areas in the region was higher than 1.5 m/s. However, Figure 6b indicates that when the turbine rotated, the velocity profile in the wake was uniform, and the flow velocity of most of the region was less than 1.5 m/s. The streamline plotted in Figure 6 indicates that the SHT had a certain blocking impact on the incoming flow during both operations. When the turbine was stationary, the inlet flow affected by the vortex in the wake returned to the rear flow field with a higher speed, as shown in Figure 6a . It can be observed in Figure 6b that the incoming flow was circumvented from both sides when the turbine was rotating. Only a few fluid particles entered the rear flow field. The flow velocity reduction mechanism of the SHT was revealed by comparing the velocity vector field around the turbine when it rotated to 90° and 180° with a TSR of 0.9. The velocity vector field, shown in Figure 7 reveals that there were many fluid particle motion collision zones (square areas). Especially in square area 1, the fluid particles ahead of the turbine driven by the rotating convex side moved in the direction perpendicular to the blade surface violently and crashed into the incoming flow, which was the main cause of the SHT's flow velocity reduction characteristic. In addition, the formation of vortices (circular areas) can be observed in Figure 7 , such as the vortex (Figure 7b , circle 2) generated by the collision of the fluid particles (Figure 7a , square 2) and the vortex (Figure 7b , circle 3) that was created, due to the rotating structure of the turbine (Figure 7a , square 4). Observing the movement of the fluid particles affected by the vortices (Figure 7) , it was found that the vortices always crashed into the fluid particles on both sides of the SHT, preventing them from entering its rear flow field and decreasing the velocity of fluid particles pushed by the rotating convex blade (the circular areas, shown in Figure 7 ). This also caused the gradually decreasing vortices to disappear (circle 1 in Figure 7a ,b). This illustrates that the formation of vortices in the wake was another major factor that ensured that the turbine had good flow velocity reduction performance. The SHT flow velocity reduction was due to the following three factors: First, the concave surface had a direct blocking effect on the upstream fluid. Second, in the rotating region of the SHT, the fluid particles pushed by the convex surface always collided with the upstream flow or the vortex in the wake. Third, the fluid particles on both sides of the SHT were prevented by the vortex from entering the wake zone. In the simulation, 10 velocity measuring lines composed of a total of 70 velocity measurement probes (VMPs) were arranged behind the turbine, as shown in Figure 8 . The specific horizontal distances of the 10 lines were 0.7, 1.4, 2.1, 2.8, 4.2, 5.6, 7, 10.15, 13.3, and 18.9 D (D is the diameter of the SHT) marked as L1-L10. The interval between the velocity measuring lines gradually grew larger with the increase in the distance from the turbine. Furthermore, each speed measuring line had a length of 1.5 D and evenly distributed seven VMPs marked as P1-P7. The curves of velocity with the time of several VMPs plotted in Figure 9 indicate that the velocity of a certain position in the wake periodically changed with a minor amplitude, especially in some areas with low velocity or that were far away from the turbine. Therefore, the average velocity value was acceptable for analyzing the velocity reduction property of the SHT.
Velocity Measurement Probe(VMP) Velocity Measurement Probe(VMP) Figure 8 . The distribution of VMPs in the wake of the SHT. In the simulation, 10 velocity measuring lines composed of a total of 70 velocity measurement probes (VMPs) were arranged behind the turbine, as shown in Figure 8 . The specific horizontal distances of the 10 lines were 0.7, 1.4, 2.1, 2.8, 4.2, 5.6, 7, 10.15, 13.3, and 18.9 D (D is the diameter of the SHT) marked as L1-L10. The interval between the velocity measuring lines gradually grew larger with the increase in the distance from the turbine. Furthermore, each speed measuring line had a length of 1.5 D and evenly distributed seven VMPs marked as P1-P7. The curves of velocity with the time of several VMPs plotted in Figure 9 indicate that the velocity of a certain position in the wake periodically changed with a minor amplitude, especially in some areas with low velocity or that were far away from the turbine. Therefore, the average velocity value was acceptable for analyzing the velocity reduction property of the SHT.
The average value of each VMP at different TSRs is given in Figure 10 . When the TSR was 0.9, the velocities of most VMPs were below 1.5 m/s, and the minimum value of 0.2 m/s was reached at the position of L4P4 (Figure 10a) . The values of a few VMPs were around 1.5 m/s, and the deceleration effect was not obvious. Therefore, the velocity attenuation coefficient in the effective flow velocity reduction region should be higher than 0.2 (the velocity was lower than 1.2 m/s). The variation of the curves in Figure 10a shows that, due to the influence of the external flow field and the formation and dissipation of vortices, on the horizontal direction from L1 to L10, the velocity of fluid particles Energies 2020, 13, 24 9 of 16 first decreased but then increased after achieving the minimum at L4. Observing the variation of the velocity of each VMP under the operation of the two different TSRs, as shown in Figure 10b ,c, it is obvious that the average value of L4 was not the smallest. When TSR = 0.5 and 1.2, the minimum values were obtained at L1 and L2, which illustrates that the position with the smallest average velocity among L1-10 changed under different TSRs. In the vertical direction from P1 to P7, Figure 10a shows that the velocity change trend of the VMPs in L1-10 was basically the same, and the minimum values were reached at P4. The fluid particles affected by the vortices crashed intensely around the midline of the SHT in the vertical direction, which resulted in a prominent performance reduction in this zone. In addition, the effective length of flow reduction at P4 extended the farthest to the horizontal distance of 15.1 D. The effective length at other positions gradually decreased when they were far away from P4. In particular, the velocity of all VMPs at P7 was higher than 1.2 m/s; thus, the domain below P6 was excluded from the effective flow reduction zone. Figure 11 shows the velocity contours with isolines at a particular time after periodic variation. The isolines of velocity, shown in Figure 11 reveal that the effective flow reduction zone of the SHT was "sword" shaped, which also confirms the rules of the velocity profile described above. In the simulation, 10 velocity measuring lines composed of a total of 70 velocity measurement probes (VMPs) were arranged behind the turbine, as shown in Figure 8 . The specific horizontal distances of the 10 lines were 0.7, 1.4, 2.1, 2.8, 4.2, 5.6, 7, 10.15, 13.3, and 18.9 D (D is the diameter of the SHT) marked as L1-L10. The interval between the velocity measuring lines gradually grew larger with the increase in the distance from the turbine. Furthermore, each speed measuring line had a length of 1.5 D and evenly distributed seven VMPs marked as P1-P7. The curves of velocity with the time of several VMPs plotted in Figure 9 indicate that the velocity of a certain position in the wake periodically changed with a minor amplitude, especially in some areas with low velocity or that were far away from the turbine. Therefore, the average velocity value was acceptable for analyzing the velocity reduction property of the SHT.
Velocity Measurement Probe(VMP) Velocity Measurement Probe(VMP) Figure 8 . The distribution of VMPs in the wake of the SHT. The average value of each VMP at different TSRs is given in Figure 10 . When the TSR was 0.9, the velocities of most VMPs were below 1.5 m/s, and the minimum value of 0.2 m/s was reached at the position of L4P4 (Figure 10a) . The values of a few VMPs were around 1.5 m/s, and the deceleration effect was not obvious. Therefore, the velocity attenuation coefficient in the effective flow velocity reduction region should be higher than 0.2 (the velocity was lower than 1.2 m/s). The variation of the curves in Figure 10a shows that, due to the influence of the external flow field and the formation and dissipation of vortices, on the horizontal direction from L1 to L10, the velocity of fluid particles first decreased but then increased after achieving the minimum at L4. Observing the variation of the velocity of each VMP under the operation of the two different TSRs, as shown in Figure 10b ,c, it is obvious that the average value of L4 was not the smallest. When TSR = 0.5 and 1.2, the minimum values were obtained at L1 and L2, which illustrates that the position with the smallest average velocity among L1-10 changed under different TSRs. In the vertical direction from P1 to P7, Figure 10a shows that the velocity change trend of the VMPs in L1-10 was basically the same, and the minimum values were reached at P4. The fluid particles affected by the vortices crashed intensely around the midline of the SHT in the vertical direction, which resulted in a prominent performance reduction in this zone. In addition, the effective length of flow reduction at P4 extended the farthest to the horizontal distance of 15.1 D. The effective length at other positions gradually decreased when they were far away from P4. In particular, the velocity of all VMPs at P7 was higher than 1.2 m/s; thus, the domain below P6 was excluded from the effective flow reduction zone. Figure 11 shows the velocity contours with isolines at a particular time after periodic variation. The average value of each VMP at different TSRs is given in Figure 10 . When the TSR was 0.9, the velocities of most VMPs were below 1.5 m/s, and the minimum value of 0.2 m/s was reached at the position of L4P4 (Figure 10a) . The values of a few VMPs were around 1.5 m/s, and the deceleration effect was not obvious. Therefore, the velocity attenuation coefficient in the effective flow velocity reduction region should be higher than 0.2 (the velocity was lower than 1.2 m/s). The variation of the curves in Figure 10a shows that, due to the influence of the external flow field and the formation and dissipation of vortices, on the horizontal direction from L1 to L10, the velocity of fluid particles first decreased but then increased after achieving the minimum at L4. Observing the variation of the velocity of each VMP under the operation of the two different TSRs, as shown in Figure 10b ,c, it is obvious that the average value of L4 was not the smallest. When TSR = 0.5 and 1.2, the minimum values were obtained at L1 and L2, which illustrates that the position with the smallest average velocity among L1-10 changed under different TSRs. In the vertical direction from P1 to P7, Figure 10a shows that the velocity change trend of the VMPs in L1-10 was basically the same, and the minimum values were reached at P4. The fluid particles affected by the vortices crashed intensely around the midline of the SHT in the vertical direction, which resulted in a prominent performance reduction in this zone. In addition, the effective length of flow reduction at P4 extended the farthest to the horizontal distance of 15.1 D. The effective length at other positions gradually decreased when they were far away from P4. In particular, the velocity of all VMPs at P7 was higher than 1.2 m/s; thus, the domain below P6 was excluded from the effective flow reduction zone. Figure 11 shows the velocity contours with isolines at a particular time after periodic variation. The isolines of velocity, shown in Figure 11 reveal that the effective flow reduction zone of the SHT was "sword" shaped, which also confirms the rules of the velocity profile described above. In summary, considering the variation of the velocity profiles in the wake of the SHT in different TSR conditions, we defined the maximum average Ca in L1-L10 and horizontal La at 0 D to evaluate the reduction strength and effective range of the SHT.
The Influence of TSR
Equation (5) shows that the Cp of the SHT turbine was determined by Cm and TSR. Based on the results reported earlier in this paper, it was found that TSR also had an effect on the flow velocity reduction characteristics. Therefore, studying the SHT properties of energy capture and flow velocity reduction at different TSRs was essential. A two-blade semicircular SHT with an overlap ratio of 0.15 was selected as the object of analysis. The attenuation coefficient and relative attenuation length calculated by the reduction property evaluation rule are shown in Figure 10 . The trend of Ca (Figure 12a ) rose first and then dropped after reaching the maximum value of 0.696 at TSR = 1.1, but the Ca rose again with the further increase of TSR. The curve of La had two peaks, and the value of the higher peak was 15.1, obtained at TSR = 0.9. In addition, the power coefficient calculated by the simulation (Figure 12b ) had a similar trend with the Ca, and the maximum value was obtained at TSR = 0.9. In the case of constant flow velocity, a larger TSR meant the faster rotational speed of the SHT. The movement of the fluid particles driven by the convex side was accelerated and collided with the fluid particles in the front, resulting in an improvement of flow velocity reduction performance. However, after the TSR rose to a particular extent, the blockage of the concave surface facing the fluid particles was weakened, and their speed was also higher, due to the effect of the convex side rotating backwards in turn to impact the flow velocity reduction property. Although the value of Ca was significant at a high TSR, the La and Cp were unacceptable. Otherwise, the Cp was available at a low TSR, but the performance of Ca and La were poor. Therefore, considering the above situation, the TSR operation range of the SHT of 0.6-1.2 was used for this study. In summary, considering the variation of the velocity profiles in the wake of the SHT in different TSR conditions, we defined the maximum average Ca in L1-L10 and horizontal La at 0 D to evaluate the reduction strength and effective range of the SHT.
Equation (5) shows that the Cp of the SHT turbine was determined by Cm and TSR. Based on the results reported earlier in this paper, it was found that TSR also had an effect on the flow velocity reduction characteristics. Therefore, studying the SHT properties of energy capture and flow velocity reduction at different TSRs was essential. A two-blade semicircular SHT with an overlap ratio of 0.15 was selected as the object of analysis. The attenuation coefficient and relative attenuation length calculated by the reduction property evaluation rule are shown in Figure 10 . The trend of Ca (Figure 12a ) rose first and then dropped after reaching the maximum value of 0.696 at TSR = 1.1, but the Ca rose again with the further increase of TSR. The curve of La had two peaks, and the value of the higher peak was 15.1, obtained at TSR = 0.9. In addition, the power coefficient calculated by the simulation (Figure 12b ) had a similar trend with the Ca, and the maximum value was obtained at TSR = 0.9. In the case of constant flow velocity, a larger TSR meant the faster rotational speed of the SHT. The movement of the fluid particles driven by the convex side was accelerated and collided with the fluid particles in the front, resulting in an improvement of flow velocity reduction performance. However, after the TSR rose to a particular extent, the blockage of the concave surface facing the fluid particles was weakened, and their speed was also higher, due to the effect of the convex side rotating backwards in turn to impact the flow velocity reduction property. Although the value of Ca was significant at a high TSR, the La and Cp were unacceptable. Otherwise, the Cp was available at a low TSR, but the performance of Ca and La were poor. Therefore, considering the above situation, the TSR operation range of the SHT of 0.6-1.2 was used for this study. In summary, considering the variation of the velocity profiles in the wake of the SHT in different TSR conditions, we defined the maximum average C a in L1-L10 and horizontal L a at 0 D to evaluate the reduction strength and effective range of the SHT.
Equation (5) shows that the C p of the SHT turbine was determined by C m and TSR. Based on the results reported earlier in this paper, it was found that TSR also had an effect on the flow velocity reduction characteristics. Therefore, studying the SHT properties of energy capture and flow velocity reduction at different TSRs was essential. A two-blade semicircular SHT with an overlap ratio of 0.15 was selected as the object of analysis. The attenuation coefficient and relative attenuation length calculated by the reduction property evaluation rule are shown in Figure 10 . The trend of C a (Figure 12a ) rose first and then dropped after reaching the maximum value of 0.696 at TSR = 1.1, but the C a rose again with the further increase of TSR. The curve of L a had two peaks, and the value of the higher peak was 15.1, obtained at TSR = 0.9. In addition, the power coefficient calculated by the simulation (Figure 12b ) had a similar trend with the C a , and the maximum value was obtained at TSR = 0.9. In the case of constant flow velocity, a larger TSR meant the faster rotational speed of the SHT. The movement of the fluid particles driven by the convex side was accelerated and collided with the fluid particles in the front, resulting in an improvement of flow velocity reduction performance. However, after the TSR rose to a particular extent, the blockage of the concave surface facing the fluid particles was weakened, and their speed was also higher, due to the effect of the convex side rotating backwards in turn to impact the flow velocity reduction property. Although the value of C a was significant at a high TSR, the L a and C p were unacceptable. Otherwise, the C p was available at a low TSR, but the performance of C a and L a were poor. Therefore, considering the above situation, the TSR operation range of the SHT of 0.6-1.2 was used for this study. 
The Influence of Blade Curvature (  )
Blade curvature is the basic parameter that defines blade shape. In this study, three different blade curvatures ( 1   , 0.8
 
, and 0.6
) were used to study their effect on SHT performance. The Cp, Ca, and La of these three types of the turbine are compared in Figure 13 . The variation trends of each curve (Figure 13a ) were similar; the Ca increased with the increase of the TSR, except for the curve of 1   , which dropped at the end. The comparison of the three curves clearly illustrates that the curvature of Ca was the best option, and the maximum value of 0.724 was obtained at TSR = 1.2. Figure 13b shows that the variation of La with the reduction of curvature had no obvious regularity. However, when the TSR was in the range of 0.8-1.2, the curvature of 1.0 performed well. The power capturing properties of the different curvatures are plotted in Figure 13c . It is obvious that 0.8
was the best option, which is also confirmed by the experimental results of Parag k. Talukdar [9] . The mechanism of curvature affecting the flow velocity reduction performance can be explained by the velocity vector around the three types of SHT, as shown in Figure 14 . A smaller curvature means a flatter blade shape, which leads to a more drastic collision between the fluid particles pushed by the convex side and the incoming flow. However, upon further reducing the curvature, the number of affected fluid particles decreases, as the decrease in blade surface size impacts the properties. 
The Influence of Blade Curvature (ε)
Blade curvature is the basic parameter that defines blade shape. In this study, three different blade curvatures (ε = 1, ε = 0.8, and ε = 0.6) were used to study their effect on SHT performance. The C p , C a , and L a of these three types of the turbine are compared in Figure 13 . The variation trends of each curve (Figure 13a ) were similar; the C a increased with the increase of the TSR, except for the curve of ε = 1, which dropped at the end. The comparison of the three curves clearly illustrates that the curvature of C a was the best option, and the maximum value of 0.724 was obtained at TSR = 1.2. Figure 13b shows that the variation of L a with the reduction of curvature had no obvious regularity. However, when the TSR was in the range of 0.8-1.2, the curvature of 1.0 performed well. The power capturing properties of the different curvatures are plotted in Figure 13c . It is obvious that ε = 0.8 was the best option, which is also confirmed by the experimental results of Parag k. Talukdar [9] . The mechanism of curvature affecting the flow velocity reduction performance can be explained by the velocity vector around the three types of SHT, as shown in Figure 14 . A smaller curvature means a flatter blade shape, which leads to a more drastic collision between the fluid particles pushed by the convex side and the incoming flow. However, upon further reducing the curvature, the number of affected fluid particles decreases, as the decrease in blade surface size impacts the properties. 
The Influence of Blade Curvature (  )
 
The Influence of Overlap Ratio ( e )
Overlap ratios ( e ) of 0, 0.15, and 0.3 of the SHT with the fixed parameters N = 2 and 1   were selected as the research objects for analyzing the effect of the overlap ratio on turbine performance. The simulation results are plotted in Figure 15 , where Figure 15 a-c describe the trend of Ca, La, and Cp in the case of three different overlap ratios, respectively. As shown in Figure 15a , although the curve of 0 e  was higher at TSRs around 0.8 and 0.9, the curve of 0.15 e  had the best performance for the overall trend. Figure 15b shows that the trends of the La versus TSR curve at each overlap ratio were similar; however, the regularity of the La variation with the overlap ratio increase was not obvious. Further, 0 e  was better in the range between TSR = 0.6 and 0.8, while when the TSR continued to raise and was below 1.0, 0.15 e  was better. The power capture capacity is described in Figure 15c , which shows that the SHT had the best properties when the overlap ratio was 0.15. When the radius of rotation of the turbine remained the same, with the overlap ratio increasing slightly, the radius of the blade became larger, which had a positive effect on the reduction performance. However, with the further increase of the overlap ratio, the larger concave part was covered by the convex side, which impacted the direct blocking effect of the concave surface on the incoming fluid particles. Therefore, when the overlap ratio increased from 0 to 0.15, the turbine had better performance characteristics, but the properties degraded when the overlap ratio reached 0.3. 
The Influence of the Blade Number (N)
The simulations of the two-, three-, and four-bladed semicircular turbines with an overlap of 0.15 were carried out to study the effect of blade number on the performance of the SHT, and the calculation results are shown in Figure 16 . The variation of the curves (Figure 16a ) shows that the attenuation coefficient of the multiblade turbine was obviously higher than the two-bladed turbine, especially in the condition of low TSR. However, with the increase of TSR, the performance of the four-bladed turbine decreased sharply. As a result, the three-bladed performed best, for which the 
The Influence of Overlap Ratio (e)
Overlap ratios (e) of 0, 0.15, and 0.3 of the SHT with the fixed parameters N = 2 and ε = 1 were selected as the research objects for analyzing the effect of the overlap ratio on turbine performance. The simulation results are plotted in Figure 15 , where Figure 15 a-c describe the trend of C a , L a , and C p in the case of three different overlap ratios, respectively. As shown in Figure 15a , although the curve of e = 0 was higher at TSRs around 0.8 and 0.9, the curve of e = 0.15 had the best performance for the overall trend. Figure 15b shows that the trends of the L a versus TSR curve at each overlap ratio were similar; however, the regularity of the L a variation with the overlap ratio increase was not obvious. Further, e = 0 was better in the range between TSR = 0.6 and 0.8, while when the TSR continued to raise and was below 1.0, e = 0.15 was better. The power capture capacity is described in Figure 15c , which shows that the SHT had the best properties when the overlap ratio was 0.15. When the radius of rotation of the turbine remained the same, with the overlap ratio increasing slightly, the radius of the blade became larger, which had a positive effect on the reduction performance. However, with the further increase of the overlap ratio, the larger concave part was covered by the convex side, which impacted the direct blocking effect of the concave surface on the incoming fluid particles. Therefore, when the overlap ratio increased from 0 to 0.15, the turbine had better performance characteristics, but the properties degraded when the overlap ratio reached 0.3. 
The Influence of Overlap Ratio ( e )
The Influence of the Blade Number (N)
The simulations of the two-, three-, and four-bladed semicircular turbines with an overlap of 0.15 were carried out to study the effect of blade number on the performance of the SHT, and the calculation results are shown in Figure 16 . The variation of the curves (Figure 16a) shows that the attenuation coefficient of the multiblade turbine was obviously higher than the two-bladed turbine, especially in the condition of low TSR. However, with the increase of TSR, the performance of the four-bladed turbine decreased sharply. As a result, the three-bladed performed best, for which the maximum C a of 0.738 was obtained at TSR = 1.1. In addition, the L a of the three types of turbine are given in Figure 16b . The value of L a in the case of the two-bladed turbine was obviously higher, and the same conclusion was obtained by comparing the C p in Figure 16c . The vorticity contours of two-and three-bladed turbines at a particular orientation are shown in Figure 17 . It is evident that, due to the increase in blade number, more fluid particles around the blades crashed into the incoming fluid, so more vortices were generated in the wake to enhance the velocity attenuation strength. However, with the increase in the number of vortices, the stability of the velocity field in the wake was also damaged, and more fluid particles on both sides of the turbine were driven by the vortices entering the rear flow field, which dampened the attenuation length. maximum Ca of 0.738 was obtained at TSR = 1.1. In addition, the La of the three types of turbine are given in Figure 16b . The value of La in the case of the two-bladed turbine was obviously higher, and the same conclusion was obtained by comparing the Cp in Figure 16c . The vorticity contours of twoand three-bladed turbines at a particular orientation are shown in Figure 17 . It is evident that, due to the increase in blade number, more fluid particles around the blades crashed into the incoming fluid, so more vortices were generated in the wake to enhance the velocity attenuation strength. However, with the increase in the number of vortices, the stability of the velocity field in the wake was also damaged, and more fluid particles on both sides of the turbine were driven by the vortices entering the rear flow field, which dampened the attenuation length. 
Discussion
The simulation results plotted in Figure 12 confirm that the optimum operational TSR is between 0.8 and 1.0. Regarding the best basic parameter configuration of the SHT considering the effect of flow velocity reduction, the Cp, Ca, and La of the SHT with different geometric structures at the optimum rotation TSR are compared in Table 3 . The comparison of the different curvatures listed in the table demonstrates that the strength and efficiency of the flow velocity reduction and power capture are both better at a curvature of 0.8, with improvements of 6.7% and 9.6% compared maximum Ca of 0.738 was obtained at TSR = 1.1. In addition, the La of the three types of turbine are given in Figure 16b . The value of La in the case of the two-bladed turbine was obviously higher, and the same conclusion was obtained by comparing the Cp in Figure 16c . The vorticity contours of twoand three-bladed turbines at a particular orientation are shown in Figure 17 . It is evident that, due to the increase in blade number, more fluid particles around the blades crashed into the incoming fluid, so more vortices were generated in the wake to enhance the velocity attenuation strength. However, with the increase in the number of vortices, the stability of the velocity field in the wake was also damaged, and more fluid particles on both sides of the turbine were driven by the vortices entering the rear flow field, which dampened the attenuation length. 
The simulation results plotted in Figure 12 confirm that the optimum operational TSR is between 0.8 and 1.0. Regarding the best basic parameter configuration of the SHT considering the effect of flow velocity reduction, the Cp, Ca, and La of the SHT with different geometric structures at the optimum rotation TSR are compared in Table 3 . The comparison of the different curvatures listed in the table demonstrates that the strength and efficiency of the flow velocity reduction and power capture are both better at a curvature of 0.8, with improvements of 6.7% and 9.6% compared 
The simulation results plotted in Figure 12 confirm that the optimum operational TSR is between 0.8 and 1.0. Regarding the best basic parameter configuration of the SHT considering the effect of flow velocity reduction, the C p , C a , and L a of the SHT with different geometric structures at the optimum rotation TSR are compared in Table 3 . The comparison of the different curvatures listed in the table demonstrates that the strength and efficiency of the flow velocity reduction and power capture are both better at a curvature of 0.8, with improvements of 6.7% and 9.6% compared with the SHT presenting poorer performance. Although the maximum length of the flow velocity reduction was reached at ε = 1 with the value of 15.1, the increase from 13.8 obtained at ε = 0.8 was not obvious. Hence, the curvature of 0.8 is the optimal selection. The simulation results of different blade numbers (Table 3) show that the C a had an approximately 10% increase from two blades to multiple blades, and the maximum C a of 0.733 was obtained when the number of blades was four. However, the values of L a and C p reduced by about 65% and 35%, respectively, which drastically impacted the performance of the SHT; thus, the two-bladed turbine is recommended. For the different overlap ratios, the values of which are displayed in Table 2 , when the overlap ratio was 0.15, the power capture was the most efficient, and it was 19% and 22% higher than the overlap ratio of 0 and 0.3, respectively. Comparing the attenuation coefficients, for the case of e = 0, the value (except for TSR = 1.0) was larger. However, in terms of the relative attenuation length, the length of e = 0.15 was completely longer than e = 0, and the maximum length increased by nearly 16%. Therefore, setting the overlap ratio at 0.15 is the best option. 
Conclusions
In this study, we conducted a parametric analysis of an SHT based on the number of blades, the blade shape, and the overlap ratio, considering the effect of flow velocity reduction. Two-dimensional simulations, verified by a water pool experiment, were performed to determine the varying regularity of the flow field. Power coefficient, attenuation coefficient and relative attenuation length have been calculated to evaluate the effect of design parameters on the SHT capacities of the power capture and flow velocity reduction. From this study, the following conclusions may be drawn:
(1) The computational results clearly show that the SHT had excellent flow velocity reduction performance in the sword-shaped zone behind it, due to the effects of obstructions, collisions, and vortices in the wake generated by the rotating blade working on the incoming fluid particles. The maximum C a of 0.733 and L a of 15.1 can be reached at the specific design parameters.
(2) The velocity profiles in the effective area were relatively regular: The field around the P4 has a better flow velocity reduction property, but as the distance from the turbine increased, the reduction performance gradually decreased.
(3) Among the parameters, the TSR had the most obvious effect on the properties of the SHT, and the optimal TSR working range was found to be between 0.8 and 1.0.
(4) The results analysis indicates that the TSR, overlap ratio, and blade curvature have the same trend of effects on the flow velocity reduction and energy capture characteristics, but the blade number does not. This fact implies that the improvement of flow velocity reduction by optimizing parameters will not reduce the SHT power generation efficiency.
(5) Considering the effect and efficiency of flow velocity reduction and energy capture comprehensively, a double-bladed SHT with an overlap ratio of 0.15 and a blade curvature of 0.8 is the optimal configuration. The maximum values of C a , L a , and C p of the SHT are 0.709, 13.78, and 0.227, respectively. 
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